Heterocyclic aromatic amine, HAA; PhIP, 2-amino-1-methyl-6-phenylimidazo [4,5-b]pyridine; 
interfere with the mass spectrometric analysis, with sufficient sensitivity and precision to analyse DNA adducts in animals exposed to PhIP.
Introduction
The heterocyclic aromatic amine (HAA), 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) is formed following the pyrolysis of amino acids and reaction with sugars in the presence of creatine/creatinine during the grilled cooking of certain foods, such as meats, poultry and fish [1] [2] [3] [4] [5] . PhIP represents one of the most abundantly formed of more than 20 HAAs that have been shown to be mutagenic in bacterial assays as well as mammalian cells [3, 5] . The carcinogenic properties of HAAs have been demonstrated in rodent bioassays following long-term feeding studies [6] . PhIP has been found to induce tumours in the colon, prostate and mammary glands of rats, which represent the principal sites that are associated with human dietary related cancer implying that it could be a human carcinogen [3, 4, [7] [8] [9] . The International Agency for Research on Cancer (IARC) has classified PhIP as a group 2B carcinogen (possibly carcinogenic to humans) [10] .
The genotoxicity of PhIP is related to metabolic activation resulting in an electrophilic species that is capable of generating covalent DNA adducts [1] . PhIP undergoes an initial oxidation step to an N-hydroxylamino-PhIP intermediate which is mediated by cytochrome (CYP) P450 enzymes, primarily by CYP1A2 in humans [11] [12] [13] . Subsequent metabolism by Nacetyltransferases (NAT) or sulfotransferases (SULT) converts the N-hydroxylamino-PhIP into an ester capable of undergoing heterolytic cleavage to produce a PhIP-nitrenium ion, which is the ultimate reactive species that reacts with DNA (Scheme 1) [5, 13, 14] . The major covalent DNA adduct detected in vivo resulting from the exposure of experimental animals and humans to [4,5-b] pyridine (PhIP-C8-dG) [14, 15] .
PhIP is N-(deoxyguanosin-8-yl)-2-amino-1-methyl-6-phenylimidazo
Numerous methods have been developed for the detection of PhIP-derived DNA adducts, which include 32 P-Postlabelling in combination with thin layer chromatography (TLC) or high performance liquid chromatography [16] [17] [18] [19] [20] , immunological methods [7, 9] , gas chromatography-mass spectrometry following alkaline hydrolysis of PhIP adducts to the parent amine [21, 22] and accelerator mass spectrometry [23] [24] [25] . 32 P-Postlabelling has been the most widely used method for the detection of PhIP-DNA adducts in animal and human tissues offering the advantage that only small amounts of DNA are required for analysis. The development of electrospray ionization (ESI) has permitted the coupling of liquid chromatography (LC) to mass spectrometry (MS), which has been used for the detection of numerous DNA adducts [26] . LCmass spectrometry has made sufficient gains in sensitivity for the detection of DNA adducts resulting in it being a viable alternative to other detection methods such as 32 P-postlabelling and immunoassays, to provide more accurate and precise results through the use of stable isotope internal standards [27, 28] . Recently, LC-tandem mass spectrometry (MS/MS) methods using deuterated stable isotope internal standards and off-line pre-purification of the PhIP-C8-dG adduct using solid phase extraction or online column-switching LC have been described for the detection and quantitation of adducts in cells and DNA treated in vitro with PhIP, and also in the liver and colon of rats treated in vivo with PhIP [20, 22, [29] [30] [31] . Mass spectrometry based methods offer a number of advantages with respect to the identification and quantitation of DNA adducts, as they rely on the detection of adduct-specific ions and characteristic transitions of the ions being monitored, respectively, and because quantification is based upon the use of isotopicallylabelled internal standards.
We describe the development of a method involving online column-switching LC-MS/MS using selected reaction monitoring (SRM) for the determination of PhIP-C8-dG in DNA that has been enzymatically hydrolysed to 2'-deoxynucleosides. This newly developed method allows for the rapid automation of the sample clean up and a reduction in matrix components that would otherwise interfere with the mass spectrometric analysis. We applied this method to the detection of PhIP-C8-dG adducts in DNA samples from salmon testis DNA treated with different concentrations of N-acetoxy-PhIP in vitro and DNA obtained from mouse colon tissue following dosing with PhIP.
Experimental Procedures

Chemicals and Reagents
PhIP was acquired from Toronto Research Chemicals (North York, Ontario, Canada), and 2-hydroxyamino-1-methyl-6-phenylimidazo [4,5-b] pyridine (N-hydroxylamino-PhIP) was prepared as described previously, by diazotization of PhIP and reaction with sodium nitrite followed by catalytic reduction of the nitro derivative thus obtained with Pd/C to the Nhydroxylamine. [32] The hydroxylamine was acetylated as described previously to afford N-acetoxy-PhIP. [14] Given the expected instability of N-acetoxy-PhIP, it was used without any further purification. The PhIP-C8-dG adduct standards were prepared as described previously [14] , by reacting the crude acetylation mixtures containing N-acetoxy-PhIP with solutions of 2′-deoxyguanosine or 
Preparation of unlabelled and isotopically labelled
Online column-switching LC-ESI-MS/MS analysis
The online column switching valve system consisted of an automated switching valve The temperature of the electrospray source was maintained at 120ºC and the desolvation temperature at 350ºC. Nitrogen gas was used as the desolvation gas (650 L/h) and the cone gas 
Calibration curve for PhIP-C8-dG adducts with DNA matrix
The calibration curvess were constructed by the addition of different amounts of the unlabelled PhIP-C8-dG standards (ranging from 2.0 to 4000 fmol) plus 1000 fmol of the [ 13 C 10 ]PhIP-C8-dG internal standard to 50 µg of enzymatically hydrolysed calf thymus DNA as the matrix. The standards were subjected to the online column switching LC-ESI-MS/MS analysis procedure as described above.
Results
Validation of the online column switching LC-ESI-MS/MS analysis
Accurate DNA adduct quantitation by mass spectrometry is best achieved by coupling selected reaction monitoring (SRM) with the use of stable isotope-labelled internal standards.
Mass spectrometric analysis of the [ 13 C 10 ]PhIP-C8-dG internal standard was performed in positive mode LC-ESI-MS/MS using the trap column only and resulted in a typical product ion spectrum that is normally observed for adducted 2′ -deoxynucleosides following the neutral loss Table 1 . The average accuracy of the method, determined by spiking known amounts (2.5 to 4000 fmol) of the PhIP-C8-dG adduct and 1000 fmol of the [ 13 C 10 ]PhIP-C8-dG internal standard in calf thymus DNA enzymatic hydrolysate was 100.2%.
Online column switching LC-ESI-MS/MS analysis of in vitro modified and animal DNA samples
Salmon testis DNA was incubated at 37 °C overnight with solutions of N-acetoxy-PhIP.
The typical online column-switching LC-MS/MS SRM ion chromatograms obtained for the determination of PhIP-C8-dG adducts in control (untreated) DNA and salmon testis DNA treated with 0.001mg/mL of N-acetoxy-PhIP are shown in Figure 4A and B, respectively. A linear dose-dependent increase was observed for the levels of PhIP-C8-dG adducts detected in salmon testis DNA following exposure to levels of N-acetoxy-PhIP ranging from 0.0001 to 0.1 mg/mL ( Figure 5 ). The levels of PhIP-C8-dG adducts observed for the different DNA samples and the intra-and inter-assay coefficients of variation for the analyses are shown in Table 2 . The typical online column-switching LC-MS/MS ion chromatograms obtained for a mouse colon DNA sample is shown in Figure 4C for a control animal that was treated with the vehicle (corn oil) alone and Figure 4D shows the typical ion chromatogram obtained following the daily oral dosing of a mouse with 50 mg/kg body weight of PhIP for 5 days. The average level of PhIP-C8-dG adducts detected in colon DNA from three animals treated under these conditions was 14.8 ± 3.7 PhIP-C8-dG adducts per 10 6 2'-deoxynucleosides.
Discussion
In the present study we have described the development of an online column-switching
LC-ESI-MS/MS SRM method that is suitable for the routine detection and quantification of
PhIP-derived DNA adducts formed in vivo. Mass spectrometry offers great potential when applied to the detection and quantification of DNA adducts due to its very high sensitivity and chemical specificity, which allows the identification of specific DNA adducts in complex biological matrices. The advantage of using online column-switching LC is that an enzymatically hydrolysed DNA sample can be analysed directly without the requirement for off-line prepurification such as solid phase extraction of the DNA adduct, from the vast excess of unmodified 2′-deoxynucleosides that could potentially interfere with the analysis. The PhIP-C8-dG adduct is retained on a trap (enrichment) column while unmodified 2 ′ -deoxynucleosides are eluted to waste. Following elution of the unmodified 2′-deoxynucleosides as well as any matrix impurities that may cause concomitant ionisation suppression, the switching valve diverts the flow from the trap column into the analytical column, which is connected to the mass spectrometer. We have previously applied a similar approach for the determination of DNA adducts derived from reactive oxygen species, acetaldehyde and 3-nitrobenzanthrone [28, 34, 35] .
Interferences from the matrix may result in poor sensitivity by competition for charge, or increased droplet viscosity and surface tension from high concentrations of co-eluting interfering compounds for the formation of gas phase ions in the electrospray source [36] . The addition of [ 13 C 10 ]PhIP-C8-dG internal standard prior to enzymatic hydrolysis of the DNA samples allowed for the accurate quantification of the adduct and also provided confirmation of the identity of the analyte peak since it eluted at the identical retention time as the unlabelled PhIP-C8-dG. The 13 Clabelled stable isotope internal standard affords the advantage, when compared to deuterium labelled internal standards, that it is not subject to isotope (eg. deuterium-hydrogen) exchange.
Furthermore the fragmentation properties of deuterated compounds may be different from the corresponding natural isotope abundance containing compounds due to the more stable nature of the C-D covalent bond in relation to the C-H bond. Therefore, the accurate quantitation of the analyte may require the determination of a response factor to correct for this difference in fragmentation [37] . For both the PhIP-C8-dG adduct and the corresponding stable isotope C8-dG adducts are detected in colon tissue when compared to the liver, which is consistent with the colon being the target tissue for tumour development [29, 30] .
In the past detection and quantification of PhIP DNA adducts has relied to a large extent on the 32 P-postlabelling technique [16] [17] [18] . The limitations of 32 P-postlabelling are that it does not provide structural confirmation of the adduct being detected and lacks the incorporation of an internal standard to account for adduct recovery and labelling efficiencies. Presently accelerator mass spectrometry represents the most sensitive method for the detection of DNA adducts at levels normally encountered in human biomonitoring studies and allows dosing with HAAs at dose levels comparable to those found in the diet [23] [24] [25] . However the technique is disadvantaged by the requirement of dosing with 3 H-or 14 C-labelled carcinogens which is not amenable for general human population based studies and does not provide any structural information [23] [24] [25] . The use of capillary-or nano-LC coupled to micro-or nanoelectrospray ionisation mass spectrometry in theory should provide for improvements in sensitivity and allow the detection of PhIP-C8-dG adducts in animal and human samples following dietary levels of exposure to PhIP.
In conclusion, we have developed an online column-switching LC-ESI-MS/MS SRM method with sufficient sensitivity and precision for the analysis of PhIP-C8-dG adducts formed in in-vitro experiments and in-vivo animal studies.
Legends
Scheme 1 Bioactivation of PhIP and DNA adduct formation. 
